The RecBCD enzyme of Escherichia coli is an ATP-dependent DNA exonuclease and a helicase. Its exonuclease activity is subject to regulation by an octameric nucleotide sequence called . In this study, site-directed mutations were made in the carboxyl-terminal nuclease domain of the RecB subunit, and their effects on RecB-CD's enzymatic activities were investigated. Mutation of two amino acid residues, Asp 1067 and Lys 1082 , abolished nuclease activity on both single-and double-stranded DNA. Together with Asp 1080 , these residues compose a motif that is similar to one shown to form the active site of several restriction endonucleases. The nuclease reactions catalyzed by the RecBCD enzyme should therefore follow the same mechanism as these restriction endonucleases. Furthermore, the mutant enzymes were unable to produce -specific fragments that are thought to result from the 3-5 and 5-3 single-stranded exonuclease activities of the enzyme during its reaction with -containing double-stranded DNA. The results show that the nuclease active site in the RecB C-terminal 30-kDa domain is the universal nuclease active site of RecBCD that is responsible for DNA degradation in both directions during the reaction with double-stranded DNA. A novel explanation for the observed nuclease polarity switch and RecBCD-DNA interaction is offered.
The RecBCD enzyme of Escherichia coli (exonuclease V; reviewed in Refs. 1-3) is a trimeric, multifunctional enzyme composed of the RecB, RecC, and RecD subunits, whose calculated molecular masses are 134, 129, and 67 kDa, respectively (4 -6) . The enzyme is an ATP-stimulated ssDNA 1 endonuclease, an ATP-dependent ssDNA and dsDNA exonuclease, and a DNA helicase. RecBCD performs two important functions in the E. coli cell. Any foreign linear dsDNA, such as the genomes of bacteriophages and T 4 , is quickly degraded by RecBCD upon entering the cell if it is not accompanied by a protective mechanism (7, 8) . Furthermore, RecBCD helps E. coli to recover from double strand breaks in its chromosome during genomic replication (9) . This function of the enzyme is believed to be important in maintaining the viability of E. coli (9) . Strains deprived of RecBCD, such as V186 (⌬recBCD (10)), are 10 times less viable than those possessing wild-type RecBCD (10, 11) .
RecBCD faces a dilemma during its interaction with dsDNA: whether or not to degrade it completely. Invading foreign DNA should be completely destroyed, whereas the E. coli genome that has suffered a double strand break should be preserved via recombinational repair. Nature has an ingenious solution for the cell, in the form of an 8-nt sequence called (5Ј-GCTG-GTGG-3Ј (12) ). appears at high frequency in the E. coli chromosome, marking it for protection. The absence of in a dsDNA (e.g. in phage ) defaults it to complete degradation. , originally discovered as a recombination hot spot (13, 14) , stimulates recombination in its vicinity 5-10-fold (reviewed in Refs. 1 and 3). This stimulation is dependent on the RecBCD enzyme and has been found to arise from the ability of to suppress the nuclease activity of RecBCD and because of RecBCD's ability to load RecA protein onto the newly unwound ssDNA (15, 16) . Analyses on the E. coli chromosome have revealed that the density of is higher in the proximity of the origin of replication, oriC, and these sites are favorably oriented to protect oriC from degradative RecBCDs approaching from both sides (17) .
The immediate effect of on RecBCD is mainly manifested in the dsDNA exonuclease activity (18) . The dsDNA exonuclease function is a result of combined helicase unwinding and subsequent endonucleolytic cleavage on the unwound ssDNA (19) . While unwinding, the enzyme preferentially cuts the strand that is 3Ј-ended at its entry site, nicking the 5Ј-ended strand only occasionally (18) . The 3Ј-strand cleavage is greatly attenuated if the enzyme encounters from the 3Ј-side as the sequence is written above (20) , but the helicase activity is left much unaltered. The ssDNA thus produced, especially the 3Ј-ended strand, becomes the substrate for RecA-mediated strand pairing and exchange (16, 18) . In vitro, if the substrate DNA is 5Ј-radiolabeled, one can detect a -specific fragment that is the result of RecBCD's last cut on the -containing, 3Ј-ended strand and subsequent unwinding of the dsDNA downstream of (18, 21) . In addition, the enzyme can cleave the strand containing the complement of the sequence and 5Ј-terminated at the entry site, in a -specific manner (22) , and cleavage of this strand was actually found to increase after RecBCD passes the sequence (23) . These observations led to the proposal that , in addition to down-regulating RecBCD's 3Ј-to-5Ј ssDNA exonuclease activity, up-regulates its 5Ј-to-3Ј ssDNA exonuclease activity on the other strand. Moreover, it was proposed that two nuclease active sites, responsible for degradation in each direction, might exist in RecBCD (23) .
Recent work has shown that the RecB subunit, in addition to its DNA helicase activity (24) , has a critical role in the intricate RecBCD nuclease reactions (25) . RecB protein has been shown to be composed of two domains: a 100-kDa amino-terminal domain responsible for DNA unwinding and a carboxyl-terminal 30-kDa domain responsible for DNA degradation (26) . A mutation made to a conserved amino acid residue in the 30-kDa domain, Asp1080, completely abolished the nuclease activities of RecBCD, suggesting that there exists only a single nuclease active site in the RecBCD enzyme (25) . In order to identify other essential amino acid residues involved in DNA hydrolysis and to verify the number of nuclease active site(s) in RecBCD, we have conducted site-directed mutagenesis studies on other conserved amino acid residues in the RecB C-terminal 30-kDa domain and examined the DNA cleavage properties of the mutants obtained. We isolated two mutants, RecB D1067A CD and RecB K1082Q CD, which are inactive as nucleases but active as helicases. Neither mutant produces -specific fragments from either strand of a -containing dsDNA substrate. The results, consistent with the findings of Yu et al. (25) , show that the nuclease active site on the RecB 30-kDa domain is the universal nuclease active site of RecBCD that is responsible for ssDNA degradation in both directions. We also offer a novel explanation for both the observed nuclease polarity switch and for RecBCD-interaction.
EXPERIMENTAL PROCEDURES

Materials
Restriction endonucleases, calf intestinal phosphatase, and T 4 DNA ligase were obtained from Promega or New England Biolabs and were used as recommended by the suppliers. Single-stranded circular M13 DNA was a gift from Jehanne Souaya of this laboratory and was purified as described (25) . E. coli SSB protein was a gift from Dr. Misook Yu of this laboratory and was purified as described (27) . Bacteriophage T 4 with an amber mutation in gene 2 (T 4 2 Ϫ phage) was a gift from Dr. Gerald R. Smith at the Fred Hutchinson Cancer Research Center (Seattle, WA).
Methods
Site-directed Mutagenesis of the recB Gene-Plasmid pFS9kb (9475 bp) was used as the template for site-directed mutagenesis. It was constructed by deleting the 13,220-bp BglII fragment from the plasmid pFS11-04, which is pBR322 containing an 18.5-kilobase thyA-recCptrIII-recB-recD-argA chromosomal fragment (28) . The QuikChange site-directed mutagenesis kit (Stratagene) was used to create the mutations. The oligonucleotides used (obtained from Life Technologies, Inc.) were as follows: 5Ј-C ATG TTA AAA GGC TTT ATC GCT CTG GTG TTC CGC C-3Ј and 5Ј-G GCG GAA CAC CAG AGC GAT AAA GCC TTT TAA CAT G-3Ј for the D1067A mutation; 5Ј-CGT TAT TAC CTG CTC GAC TTT AAA TCC AAC TGG-3Ј and 5Ј-CCA GTT GGA TTT AAA GTC GAG CAG GTA ATA ACG-3Ј for the Y1081F mutation; 5Ј-GT TAT TAC CTG CTC GAC GCT AAA TCC AAC TGG-3Ј and 5Ј-CCA GTT GGA TTT AGC GTC GAG CAG GTA ATA AC-3Ј for the Y1081A mutation; 5Ј-TAC CTG CTC GAC TAT CAA TCC AAC TGG TTG-3Ј and 5Ј-CAA CCA GTT GGA TTG ATA GTC GAG CAG GTA for the K1082Q mutation; 5Ј-CTG CAA TAT CAG CTT TTT ACC CTG GCG CT-3Ј and 5Ј-AG CGC CAG GGT AAA AAG CTG ATA TTG CAG-3Ј for the Y1114F mutation; and 5Ј-CAA TAT CAG CTT GCT ACC CTG GCG C-3Ј and 5Ј-G CGC CAG GGT AGC AAG CTG ATA TTG-3Ј for the Y1114A mutation. The nucleotides creating each mutation are underlined. To optimize product formation with our relatively long template, 500 ng of template, 250 ng of each primer, and 2.5 l of dNTP mix were used with 4 units of Pfu DNA polymerase. The reaction mixtures were subjected to 20 cycles of amplification: 95°C for 30 s, 55°C for 1 min, and 68°C for 24 min. Other reaction conditions and subsequent manipulations were performed according to the manufacturer's protocol. Plasmids containing the desired mutations were identified by restriction digestion and dye-terminator automated DNA sequencing.
Construction of Plasmids Expressing the Mutant RecBCD Enzymes-
The mutant pFS9kb plasmids were digested by BglII and treated with calf intestinal phosphatase. These DNA fragments were then ligated to the 13,220-bp BglII fragment from pFS11-04, using T 4 DNA ligase, to produce the mutant pFS11-04 plasmids. The ligation mixtures were transformed into E. coli strain DH5 (29) . Plasmids with the correct restriction pattern were selected, and the mutations were confirmed by DNA sequencing.
The pABCD mutants were constructed by a vector-switching approach. The mutant pFS11-04 plasmids were digested by BamHI, while the plasmid pACYC184 (30) was linearized by BamHI digestion and phosphatase-treated. This DNA was ligated to the mutant pFS11-04/ BamHI fragments, and plasmids that conferred resistance to chloramphenicol but not to tetracycline were selected. The plasmids were further selected by restriction digestion, and the presence of each mutation was verified by DNA sequencing.
T 4 2 -Plaque Assay-Overnight cultures of E. coli strain V186 (⌬recBCD (10)) containing the appropriate pABCD plasmid (wild type or mutant) were grown in LB broth containing chloramphenicol (20 g/ml) and were used to inoculate 5 ml of the same medium the next day. The subcultures were allowed to grow to early log phase (OD 650 ϳ 0.5) at 37°C. Serial dilutions were made to the phage stock (10 9 plaqueforming units/ml) in suspension medium (50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 8.1 mM MgSO 4 , 0.01% gelatin), and 0.1 ml of each dilution was used to infect 0.1 ml of the log phase culture. This mixture was incubated for 10 min at 37°C, added to 1.5 ml of LB top agar, and spread on an LB bottom plate containing chloramphenicol (20 g/ml). These plates were incubated at 37°C overnight, and their plaque numbers were counted.
Protein Purification and Enzyme Assays-The RecB D1067A CD and the RecB K1082Q CD mutant enzymes were purified from strain V186 transformed with the corresponding mutant pABCD plasmids as described for the RecB D1080A CD enzyme (25) . Crude lysates were made from cells harvested from 6 liters of culture, and the mutant enzymes were purified by ammonium sulfate precipitation and column chromatography through DEAE-cellulose (Whatman, 120-ml bed volume), hydroxylapatite (Bio-Rad, 30-ml bed volume), and ssDNA-agarose (Life Technologies, Inc., 2.5-ml bed volume). The protein concentrations were calculated from A 280 measurements (⑀ 280 ϭ 400,000 M Ϫ1 cm Ϫ1 (31)). The ssDNA and dsDNA exonuclease assays were conducted by measuring the production of acid-soluble DNA fragments as described (32 (26) , using 6 nM wild-type or mutant enzymes and single-stranded circular phage M13 DNA (4.16 nM DNA molecules; 27 M nt). The -specific reactions were performed, and the reaction products were analyzed on native agarose gels, as described (23), using 1.15 nM HindIII-linearized pBR322 ϩ F DNA (12), 2 M SSB protein, 0.115 nM RecBCD, or 0.8 nM mutant enzyme at varying magnesium acetate and ATP concentrations.
RESULTS
Mutagenesis on the RecB Nuclease Domain-We first made four mutations, D1067A, Y1081F, K1082Q, and Y1114F, by site-directed mutagenesis in the carboxyl-terminal 30-kDa nuclease domain of RecB (26) based on the sequence alignment shown in Fig. 1 and that published by Aravind et al. (34) . The mutations were first cloned into the plasmid pFS11-04 (28), which is pBR322 containing the recB, recC, and recD genes. Two of the mutations, D1067A and K1082Q, must be deleterious to E. coli, since we were unable to obtain strains of V186 (⌬recBCD) containing either mutant pFS11-04 plasmid, even by using the high efficiency electroporation method. This negative effect on cell viability seems to be recessive to the wildtype recBCD allele, since DH5 cells (recBCD ϩ ) containing the mutant pFS11-04 plasmids did not appear to have any growth defects. The expression of the recB, recC, and recD genes in pFS11-04 utilizes their natural promoters contained in the insertion (28) and is affected only by the copy number of pBR322 (ϳ25 copies/cell (29) ). The four mutations were then transferred to a lower copy number plasmid, pABCD, which is pACYC184 (10 -12 copies/cell (29) ) with the same insertion as in pFS11-04. V186 strains with the pABCD mutants were all viable and were used in subsequent characterization of the mutants.
Nuclease Activities of the Mutant Enzymes-We first examined the mutants for their dsDNA exonuclease activities in vivo by testing their sensitivities to the T 4 
2
Ϫ phage (7, 11). E. coli strains are sensitive to T 4 2 Ϫ infection if they are unable to degrade this dsDNA phage by means of the dsDNA exonuclease activity (ExoV) provided by the RecBCD enzyme (7) . A high titer of T 4 
Ϫ is therefore an indication of ExoV deficiency. Results of the T 4 2 Ϫ plaque assay (Table I) identified two mutations, D1067A and K1082Q, to be damaging to the double strand exonuclease activity.
Next, crude cell lysates were made from the same strains and examined for ATP-stimulated exonuclease activity on dsDNA. In complete agreement with the T 4 2 Ϫ test, the data presented in Table I show that the D1067A and K1082Q mutations are deleterious to this nuclease activity.
The Y1081F and Y1114F mutants exhibited essentially wildtype levels of exonuclease activities both in vitro and in vivo ( Table I ), indicating that the hydroxyl groups of these tyrosine residues are not involved in catalyzing DNA cleavage. We then constructed the Y1081A and Y1114A mutations to test whether their aromatic side chains may be important either for structural purposes or to make stacking interactions with the DNA bases near the scissile phosphodiester bond. However, we detected substantial nuclease activity with both of these mutants in vivo and in vitro (Table I) . We also did not have difficulty growing strain V186 containing pFS11-04 encoding either the Y1081F or the Y1114F mutants, consistent with their essentially wild-type phenotype (the Tyr-to-Ala mutants were not tested in pFS11-04).
The RecB D1067A CD and RecB K1082Q CD enzymes were purified by the same procedure as the wild type. Both behaved similarly to the wild-type enzyme during all chromatography steps, suggesting that the mutations did not bring about drastic conformational changes to the enzymes. The purified preparations contain all three subunits in the expected proportions (Fig. 2) , indicating that the mutations have not significantly disrupted subunit-subunit interactions.
Nuclease assays were then conducted on the purified mutant enzymes under conditions where the wild-type enzyme is highly active. The data show that the RecB D1067A CD and RecB K1082Q CD mutants are completely disabled as ssDNA endonucleases (with or without ATP; Figs. 3A and 4A), dsDNA exonucleases (Figs. 3B and 4B) , and ssDNA exonucleases (Figs.  3C and 4C) .
The RecB
D1067A
CD and RecB K1082Q CD Proteins Unwind dsDNA but Do Not Produce -Specific Fragments-We then tested the mutant enzymes for their ability to unwind dsDNA and to produce -specific fragments from either strand of a DNA duplex. Two -specific fragments have been observed under some reaction conditions using the 5Ј-labeled pBR322 ϩ F substrate containing a single sequence (Fig. 5A) : an ϳ1460-nt fragment extending from to the 5Ј-end ("downstream" fragment) and an upstream -specific fragment (Ͼ2900 nt) that results from cleavage of the -lacking strand near (lower strand in Fig. 5A; Ref. 23 ). The downstream fragment is produced because the 3Ј-5Ј exonuclease of RecBCD is down-regulated after the enzyme encounters (18) . The upstream fragment is proposed to result from activation by of a 5Ј-3Ј-specific exonuclease activity of RecBCD, since no discrete 3Ј-labeled fragment was detected from this strand (23) . The degradation of both strands may indicate the existence of two distinct nuclease active sites in RecBCD (23) . We hypothesized that our RecB D1067A CD and RecB K1082Q CD mutants would be disabled in producing the downstream fragment, as has been shown for the RecB D1080A CD mutant (25) , but that both should still be able to produce the upstream fragment if a separate 5Ј-3Ј exonuclease activity exists in RecBCD. To test this hypothesis, we examined RecBCD-interactions under the same reaction conditions used by Anderson et al. (23) .
As shown in Fig. 5 , the wild-type RecBCD enzyme produces both the upstream and downstream bands as observed previously at the ATP and Mg 2ϩ concentrations tested (23). However, the purified RecB D1067A CD and RecB K1082Q CD mutants produced neither fragment under the wide range of Mg 2ϩ and ATP concentrations tested. This was not due to an inability of the mutants to bind or unwind their substrate DNA, since full-length ssDNA was clearly produced. The only reasonable explanation is that the ability of the mutant enzymes to degrade DNA strands of both polarities was abolished. This establishes that the single nuclease active site in the RecB 30-kDa domain is responsible for producing both -specific bands and, hence, degradation of ssDNA of both polarities during the reaction with dsDNA. , previously changed to alanine by Yu et al. (25) , are highly conserved among RecB homologs (Fig. 1 ) and a number of other proteins that have been called the "RecB nuclease domain" family (34) . Tyr 1114 is conserved in all of the family members and was speculated to act as a nucleophile as seen in topoisomerases (34) . The fifth residue, Tyr 1081 , is an aromatic residue (Tyr or Trp) in the RecB homologs ( Fig. 1) but is not conserved among the other members of the family (34) . The results of changing these Tyr residues to either Phe or Ala show that neither has an essential role in the nuclease reaction catalyzed by the RecBCD enzyme.
The other three residues, Asp 1067 , Lys 1082 , and Asp 1080 (25) , are essential for the nuclease activity of RecBCD. Mutation of each of these residues produces a holoenzyme that has a high level of DNA helicase activity but is completely disabled as a nuclease on all DNA substrates. Thus, the single nuclease active site in the RecB 30-kDa domain catalyzes all of the DNA cleavage reactions of which RecBCD is capable. This includes the nuclease responsible for the first cut made by the -upregulated 5Ј-3Ј exonuclease activity, since the 5Ј-labeled upstream -specific fragment deduced to be the product of this activity is not detected with either RecB D1067A CD or RecB K1082Q CD. Interestingly, these three residues compose a motif that is 1-8) or without (lanes 9 -16) 500 M ATP. Samples were removed at the indicated times; quenched with 120 mM EDTA, 40% (v/v) glycerol, and 0.125% bromphenol blue; and loaded on a 0.8% agarose gel in 1ϫ TBE (90 mM Tris borate, 2 mM EDTA). The gel was run at 4 V/cm for 3 h and stained with ethidium bromide (0.5 g/ml). quite similar to an active site motif (PDX 6 -30 (D/E)ZK, where X is any residue and Z is often a hydrophobic residue) that has been found in several restriction endonucleases, including EcoRI, EcoRV, PvuII, BglI, and FokI (35, 36) ; in the 5Ј-3Ј exonuclease of bacteriophage (37) ; and in the E. coli MutH protein (38) . The three-dimensional structure of each of these enzymes has been solved. Despite the overall lack of significant sequence similarity and the functional differences among them, they share a common core structure, and the structural arrangements of these residues in the active sites are strikingly similar (35) (36) (37) (38) (39) . Replacement of these amino acid residues in the restriction enzymes rendered them inactive or nearly inactive, not in binding, but in cleaving their corresponding DNA substrates (36) .
Given the fact that the RecB D1067A CD, RecB D1080A CD, and RecB K1082Q CD mutants are inactive as nucleases, it is reasonable to deduce that these mutated residues fulfill similar functions in the nuclease active site of RecBCD as their counterparts do in the restriction enzymes and that the phosphodiester bond hydrolysis reaction catalyzed by RecBCD follows a mechanism similar to that of these restriction enzymes. The acidic residues are thought to coordinate the Mg 2ϩ ion that is essential to phosphodiester bond hydrolysis (35, 36) . It is likely that the Mg 2ϩ ion polarizes the phosphate and enhances its susceptibility to nucleophilic attack. The lysine residue also lies close to the phosphate (35, 36) and perhaps stabilizes the pentacovalent phosphorus in the transition state by compensating its extra negative charge.
RecBCD-dsDNA Interaction-This work, as well as previous studies on the RecB protein structure and the RecBCD nuclease specificity, raises a number of important mechanistic questions about RecBCD. First is the question of how the very weak nuclease activity of the RecB subunit alone, and especially the nuclease domain itself (25, 40) , is enhanced by RecC and especially by RecD. Second, how is a single nuclease active site able to cleave DNA with both 3Ј-5Ј and 5Ј-3Ј polarities? Finally, how does a simple 8-nt sequence regulate the enzymatic activities of RecBCD? We propose a model (Fig. 6 ) that addresses each of these questions.
The RecB subunit (Fig. 6A) , although a weak helicase by itself (24) , is the major subunit of RecBCD that is responsible for DNA unwinding (41) . The N-terminal 100-kDa domain of RecB, bearing all of the helicase motifs (26, 42) , is responsible for DNA binding and unwinding. The C-terminal 30-kDa nuclease domain of RecB has very weak nuclease activity (26, 40) , in part due to low affinity for DNA (25, 26) . However, the activity of the 30-kDa domain when attached to a DNA binding domain (either the 100-kDa RecB domain or the phage T 4 gene 32 protein (25)) is still very low, indicating that there must be additional factors that contribute to its low activity.
RecBC is a much more processive helicase than RecB (43, 44) and is capable of unwinding DNA at rates very close to that of RecBCD (45). RecB's existing DNA binding sites may be optimized, and alternative sites may form, either on RecB or in the interface between RecB and RecC. RecB in RecBC is not susceptible to proteolytic degradation, 2 suggesting that RecC "shields" the hinge region between the two domains of RecB and may make contacts to both domains. However, RecC does not greatly activate the nuclease active site on the 30-kDa domain, since RecBC is still a weak nuclease (26, 46, 47) .
The addition of RecD to RecBC produces a potent dsDNA exonuclease (46, 48) . RecBC can be readily reconstituted in vitro by mixing the two subunits (43) , suggesting that there is no energetically difficult conformational change that must occur. In contrast, the reconstitution of RecBCD from RecBC and RecD is a much slower process (32) . This suggests that the formation of the holoenzyme cannot be viewed as the simple docking of the last subunit, RecD, to a preformed RecBC complex. Considerable conformational rearrangements must occur in RecB and/or RecC to accommodate the RecD subunit, and it follows that the three-dimensional structures of RecB and/or 2 M. Yu, unpublished observations. RecC in RecBCD must not be the same as they are in the RecBC protein. We believe RecD makes important contacts with the 30-kDa domain that could fine tune its structure into a more active nuclease conformation (26) , and/or RecD could provide a key residue to complete the active site that is made up largely of the residues that we have altered in RecB.
The question of how a single nuclease active site in RecB can degrade both unwound strands of a duplex, and therefore ssDNA with both 3Ј-5Ј and 5Ј-3Ј polarities, can be resolved if the newly unwound 5Ј-terminated strand forms a loop that enables it to sit with the same 3Ј-5Ј orientation across the nuclease active site as does the 3Ј-strand (Fig. 6, B and C) . The looped ssDNA can still channel through RecBCD as the enzyme unwinds the dsDNA, and looping can therefore make this DNA strand a perfect substrate for the single 3Ј-5Ј exonuclease activity residing on the RecB 30-kDa domain. The RecD subunit was cross-linked to the 5Ј-terminated strand in static complexes (49) , and thus we suggest that this strand may be bound by RecD and directed to the nuclease active site. A proposed movement of the 30-kDa domain about a flexible peptide linking it to the N-terminal domain (26) could also have a role in determining which strand of a duplex gains access to the nuclease site for cleavage. However, to the extent that such movement occurs, the putative protein-protein interactions that enhance the nuclease activity must remain intact, at least under the conditions where DNA cleavage continues after .
The RecBCD nuclease strand-switching that is effected by under some reaction conditions must then be explained in the context of a single nuclease active site. We propose that when the ssDNA binding site that is engaged in DNA unwinding sees , it holds onto so that the unwound ssDNA no longer runs through the enzyme to the nuclease active site but instead loops out between the helicase active site at the front of RecBCD and the ssDNA binding site occupied by (Fig. 6D) . In this case, the nuclease domain cannot cut the 3Ј-ended strand, not because its nuclease activity is turned off but because it can no longer meet the strand. With the 3Ј-ended strand excluded, the 5Ј-ended strand can now gain more access to the nuclease active site, and consequently the 5Ј-3Ј exonuclease activity is seemingly turned on. Rather than up-regulating the 5Ј-3Ј and down-regulating the 3Ј-5Ј exonuclease activity, we regard the nuclease polarity switch of RecBCD as a simpler process, the turning point of which is a high affinity DNA-protein interaction between and the ssDNA binding site of RecBCD.
We thus envision as an oligonucleotide that has higher binding affinity to RecBCD than does any other ssDNA sequence. Several observations are consistent with a sequencespecific interaction of RecBCD with . A mutation in the RecC subunit produces a RecBCD holoenzyme that is not affected by the canonical sequence but that instead responds to a different -like sequence, as might be indicative of a direct protein-DNA interaction (50, 51) . Moreover, sequences have been identified in various bacteria that have the same effect as in E. coli and are specific for the RecBCD-like enzymes found in those bacteria (52) (53) (54) , consistent with a protein-DNA interaction where the DNA sequence-specificity is determined by the binding site structure on the cognate protein. Finally, the effects of on RecBCD can persist beyond and can be more dramatic than the alteration in the nuclease activity described above. has been shown to reversibly inactivate RecBCD as both a helicase and a nuclease by an unknown mechanism under certain reaction conditions (55) (56) (57) . This more profound effect on the enzyme suggests changes in protein conformation or subunit interactions that are most likely initiated by a specific -RecBCD binding interaction.
Finally, we note that a phenomenon similar to the strand switching that occurs with RecBCD has been seen with other enzyme-nucleic acid systems. Two examples pointed out recently are the proposed movement of the acceptor end of a tRNA between the aminoacylation site and the editing site on an aminoacyl tRNA synthetase and the movement of a singlestranded DNA chain between the polymerase and proofreading sites on DNA polymerase I Klenow fragment (58) . Both mechanisms rely on the flexibility of a single polynucleotide chain to allow its movement between two active sites on the enzyme. The difference is that in those instances a single bound polynucleotide strand moves between two different enzyme active sites, while we propose that two different single-stranded polynucleotide chains can move to one active site in RecBCD. FIG. 6 . RecBCD-dsDNA interaction. a, RecB is a weak helicase and a ssDNA endonuclease. b, RecBCD preferentially cuts the 3Ј-terminated strand in a dsDNA. c, RecD (shaded oval) stimulates the nuclease activity of the 30-kDa domain and loops the 5Ј-terminated strand so that it can be cut by the same nuclease active site that cuts the 3Ј-strand. d, (arrowhead) binds to RecBCD with high affinity, blocking access of the 3Ј-ended strand to the nuclease active site and allowing greater cleavage of the 5Ј-strand after .
